Breast cancer is a heterogeneous disease, characterized by several distinct biological subtypes, among which triple-negative breast cancer (TNBC) is one associated with a poor prognosis. Oncolytic virus replication is an immunogenic phenomenon, and viruses can be armed with immunostimulatory molecules to boost virus triggered antitumoral immune responses. Cyclophosphamide (CP) is a chemotherapy drug that is associated with cytotoxicity and immunosuppression at higher doses, whereas immunostimulatory and anti-angiogenic properties are observed at low continuous dosage. Therefore, the combination of oncolytic immuno-virotherapy with low-dose CP is an appealing approach.
Introduction
Breast cancer is the most frequently diagnosed cancer in women and the second cause of cancer death in women (after lung cancer), with an estimated 40,290 deaths expected in 2015. 1 It is a heterogeneous disease, characterized by several distinct biological subtypes associated with specific biological behavior and different clinical outcomes. 2 TNBC is defined as estrogen receptor (ER)-negative, progesterone receptor (PR)-negative and lacking overexpression of human epidermal growth factor receptor 2 (HER2). 2 TNBC accounts for 10-15% of all breast cancers subtypes and is associated with a worse than average prognosis, due to its aggressive clinical course and insensitivity to many of the treatment modalities available for hormone receptor positive and HER2 positive diseases, including HER2-directed therapy such as trastuzumab and endocrine therapies such as tamoxifen or aromatase inhibitors.
3 TNBC is typically treated with a combination of therapies such as surgery, radiation therapy, and chemotherapy. 4 The relatively aggressive clinical course, poor prognosis, and limited treatment choices highlight the need for research in this patient group. A classic but little explored concept in the treatment of cancer is the use of low-dose metronomic chemotherapy regimens, which aims to ablate the dividing endothelial cells in tumors (preventing angiogenesis) 5 and to alter the immunological tumor microenvironment, thus hindering tumor growth. 6, 7 In a phase II study by Colleoni et al., addressing the effects of 50 mg of CP given once daily and 2.5 mg of methotrexate twice daily on patients with metastatic breast carcinoma, the authors concluded that low-dose chemotherapy is possible even in patients with metastatic disease refractory to conventional treatments, it can potentiate the activity of other anticancer drugs and has low toxicity. 8 Currently, several randomized phase III clinical trials that combine metronomic chemotherapy with other antitumor drugs are under way. 9 CP is one of the most common alkylating agents used in the treatment of breast cancer, particularly as an adjuvant agent. 10 In 2004 a study showed that the biological actions of CP are dosedependent: at higher doses, it is associated with increased cytotoxicity and immunosuppression, while at low continuous dosage it shows immunostimulatory and anti-angiogenic properties. 11 Low-dose CP has been used as adjuvant therapy or in combination with other antitumor therapies. 12 In addition to its antiangiogenic properties 13, 14 and alteration of tumor microenvironment, 7 low-dose CP can deplete regulatory T-cells, increasing the immunotherapeutic effect of concomitant treatments. 15 Low-dose CP has been shown to lead to a reduction of regulatory T-cells also in metastatic breast cancer patients. 16 Combination of immunotherapeutic modalities such as oncolytic viruses with regulatory T-cell depletion by low-dose CP has been found efficacious in several preclinical models as well as feasible in cancer patients. 17, [18] [19] [20] In this study, we have combined the oncolytic adenovirus Ad5/3-D24-GMCSF, a 5/3-capsid chimeric oncolytic adenovirus coding for GM-CSF 18, [20] [21] [22] [23] with low-dose CP for the treatment of breast cancer, including TNBC.
Results

CP and 4-HP-CP increase efficacy of oncolytic adenovirus
We first investigated the cell killing effect of CP and 4-HP-CP as single agents on MDA-MB-436 TNBC cell line. Two concentrations of CP (0.0075 mg/mL and 0.05 mg/mL) and three of 4-HP-CP (0.001 mg/mL, 0.0025 mg/mL, and 0.005 mg/mL), able to kill 20-40% of cells in vitro (data not shown), were selected for further experiments. Combination of oncolytic adenovirus Ad5/3-D24-GMCSF and CP or 4-HP-CP was then tested in MDA-MB-436 TNBC cell line (Fig. 1) . Five days post-infection, combination of 1 to 10 VP/cell of virus with 4-HP-CP results in statistically significant increased cell killing, compared to virus only or 4-HP-CP alone (p < 0.001, p < 0.01, p < 0.05). CP combined with 1 VP/cell of virus, resulted in increased cell killing compared to virus only (p < 0.01), but CP was more effective alone than when combined with low doses of virus, and improvement of efficacy was achieved only when combined with 100 and 1,000 VP/cell of virus (p < 0.01).
Low-dose CP enhances the antitumor efficacy of Ad5/3-D24-GMCSF in an orthotopic TNBC xenograft mouse model
We tested the combination of Ad5/3-D24-GMCSF with low-dose metronomic CP in a MDA-MB-436 TNBC xenograft model in nude mice. Antitumor efficacy was observed only in groups treated with a combination of oncolytic virus (Ad5/3-D24-GMCSF or Ad5/3-D24) and low-dose CP (Fig. 2, Fig. S1 ). Treatment with Ad5/3-D24 in combination with CP was the most effective (p D 0.018 vs. Ad5/3-D24 alone on day 33 post-infection, p D 0.024 vs. CP alone on day 60 post-infection,) (Fig. S1 ). Also Ad5/3-D24-GMCSF in combination with CP was significantly more effective than Ad5/3-D24-GMCSF alone (p D 0.002 on day 33 post-infection) and there was also a trend for better efficacy than CP alone (p D 0.144 on day 60 post-infection) (Fig. 2) . There was no significant difference between combinations of CP to Ad5/3-D24-GMCSF and Ad5/3-D24, as expected, since human GM-CSF is not biologically active in mice. 24 Safety of Ad5/3-D24-GMCSF in breast cancer patients A total of 33 Ad5/3-D24-GMCSF treatments were given to 16 patients with advanced breast cancer, progressing after previous therapies, in the context of an ATAP (Table S1 ). The most common adverse reactions were grade 1-2 constitutional symptoms (fever, fatigue, and rigors), nausea, transient anemia, and leukocytopenia (Table S2) . Grade 3 and 4 adverse reactions were reported for three patients, but none were classified as a SAE (defined as serious adverse events possibly related to the treatment and leading to patient prolongation of hospitalization, malformation or death): patient R328 had grade 3 fever, thrombocytopenia, hyponatremia and aspartate aminotransferase (AST) increase; patient R317 had grade 3 glucose imbalance and grade 4 ketoacidosis, most likely related to her pre-existing diabetes. One patient (R172) had grade 3 pain a few hours after treatment, which was successfully relieved with pain medication and did not cause prolongation of hospitalization. As frequently observed, 18, [20] [21] [22] 25 all 16 patients showed a transient decrease in lymphocyte numbers in the peripheral blood, possibly related to redistribution of lymphocytes. 22, 26 No treatment related deaths occurred.
Neutralizing antibody titer and presence of Ad5/3-D24-GMCSF genomes in patient serum At baseline, three out of five evaluable patients had low detectable neutralizing antibody titer against the Ad5/3 capsid (1-4), while one patient had medium titer (256), and one was not evaluable (NE) for baseline titer. After treatment, the titer increased or remained stable in all five patients (Table S3 ). Ten patients were evaluable for presence of viral genomes in serum. All eight for whom the baseline sample was available were negative for Ad5/3-D24-GMCSF before treatment. After treatment, virus titer increased in most patients and in one patient the titer was highest on day 21 (Table S3) .
Possible signs of efficacy of Ad5/3-D24-GMCSF in breast cancer patients were observed
Fourteen out of sixteen patients were imaged with contrastenhanced computed tomography (CT) and/or [18F]-fluorodeoxyglucose positron emission tomography (PET-CT), 27 and treatment response was evaluated according to modified RECIST 1.1. and/or PET criteria. 27, 28 Serum breast cancer antigen 15-3 (Ca15-3) and carcinoembryonic antigen (CEA) levels were also followed up as possible indicators of treatment outcome in patients who had elevated marker levels at baseline (Table 1) . Overall 3 out of 14 patients had some signs of possible treatment benefit. Patient R247 had a radiological MR according to RECIST1.1, with a 10% reduction of tumor diameter, and also partial metabolic response (PMR) (-38%) in PET-CT, after a serial treatment with Ad5/3-D24-GMCSF (imaging was done four weeks after the last virus injection). The same patient showed a partial response (PR) with Ca15-3 marker (-30%). Two patients, R73 and R203, had a SD in CT, and a MR in tumor marker measurements (29% and 18% reduction of Ca15-3 respectively). Patient R248 had stable metabolic disease (SMD) in PET-CT and PD in CT and Ca15-3 measurements due to a new metastasis. Patient R8, who was radiologically in complete response (CR) after two prior virus treatments with other oncolytic adenoviruses (Ad5-D24-GMCSF 29 and ICOVIR-7 30, 31 ), received one treatment with Ad5/3-D24-GMCSF and remained in radiological CR when imaged 7.5 mo after Ad5/3-D24-GMCSF injection. However, the patient was considered NE according to modified RECIST 1.1, due to the lack of measurable lesions when treated with Ad5/3-D24-GMCSF (Table 1) . As a response to Ad5/3-D24-GMCSF treatment, the same patient showed a 16% decrease in Ca15-3 marker level following Ad5/3-D24-GMCSF injection, suggesting possible therapeutic efficacy. Of note, TNBC patient R328 had a 22% reduction of injected lesions and 70% decrease of tumor marker CEA suggesting antitumor efficacy. However, formal radiological evaluation results in PMD, due to two new metastases. In summary, of the 13 patients evaluated for tumor response, one patient had a MR/PMR, two a SD, ten a PD/progressive metabolic disease (PMD) (Fig. 3(A), (B) ). With regard to tumor markers, of the 13 patients measured for tumor markers levels, one patient had a CR (with CEA), one had a PR (with Ca15-3), five had a MR (three with Ca15-3 and two with CEA), one a SD (with Ca15-3), and five a PD (with Ca15-3). In patient R170, both Ca15-3 and CEA were measured, and discordant responses were obtained (129% increase of Ca15-3 and 10% reduction of CEA marker levels) (Fig. 3(C) ).
At the end of the follow up (March 2015) one patient was still alive at 1,771 d post treatment: this patient had a PMD in PET-CT at three weeks after the last Ad5/3-D24-GMCSF treatment, and a PD in the Ca15-3 measurements. Median survival of all treated patients was 233 d after the first Ad5/3-D24-GMCSF treatment (Fig. S2 ).
Discussion
Oncolytic immunotherapy is an emerging treatment modality for advanced solid tumors refractory to current therapies. The efficacy and safety of oncolytic adenoviruses armed with immunostimulatory cytokines has been studied in preclinical studies, and patients have been treated. 20, 29, 32 However, the overall conclusion is in line with unarmed oncolytic viruses, suggesting that single agent efficacy would benefit from improvement. 20, 29 Previous work has shown that oncolytic viruses can be combined with conventional anticancer treatments, such as chemotherapy, enhancing the efficacy of the viral treatment without significantly increasing side effects. 17, 18, 23, [33] [34] [35] [36] In this study we saw an additional cell killing in vitro, and enhanced tumor growth inhibition in TNBC xenografts when Ad5/3-D24-GMCSF was combined with low-dose CP. For the in vitro study, we used both CP, which is a prodrug, and its first active metabolite 4-HP-CP. Both drugs were more efficient in TNBC cell killing when combined with Ad5/3-D24-GMCSF. CP is a prodrug and thus not expected to be active in cells in vitro which lack cytochrome P450 enzymes. 37 There was nevertheless some activity in vitro, suggesting that pathways other than liver enzymes can also activate CP. 38 The cytolytic activity of a virus similar to Ad5/3-D24-GMCSF but without the GM-CSF transgene (Ad5/3-D24) has been previously studied also in other breast cancer cell lines, 39 suggesting that the antitumor effect of Ad5/3-D24-GMCSF (keeping in mind that GM-CSF arming has no relevance in vitro) may not be limited to MDA-MB-436 TNBC cells. However, cell line-specific effects cannot be excluded, and further studies on other TNBC cell lines are needed.
Since our in vivo study was conducted in immunodeficient mice, which lack T-cells, the results suggest that low-dose CP had a significant impact on inhibition of tumor growth via a mechanism other than depletion of regulatory T-cells. 7, 19 Overall, it can be concluded that Ad5/3-D24-GMCSF displays effective antitumour activity in a TNBC xenograft model with concomitant 2 Patient not evaluable according to modified RECIST 1.1. Patient showed a complete response (CR) after two additional virus treatments prior to Ad5/3-D24-GMCSF and remained in CR when imaged 7.5 mo after Ad5/3-D24-GMCSF treatment. 3 Patient received one additional virus treatment prior to Ad5/3-D24-GMCSF. Imaging was performed 9.5 weeks after Ad5/3-D24-GMCSF treatment 4 Serial treatment, imaging was performed after the third treatment 5 Patient received one additional virus treatment prior to Ad5/3-D24-GMCSF and one after it. Imaging was performed after the third treatment, 6 weeks after Ad5/3-D24-GMCSF injection. New CT 15 weeks after Ad5/3-D24-GMCSF injection: PD (C1.4% C new liver metastasis C a few new lymph nodes in the peritoneum) 6 Patient received two additional virus treatments after Ad5/3-D24-GMCSF. Imaging was performed after the third treatment. low-dose metronomic CP, suggesting that adding low-dose metronomic CP may have a useful multifactorial combination effect with the virus, in accordance with previous studies. 18, 19 Ad5/3-D24 has been studied in mouse models, 40, 41 showing promising results in breast cancer studies. 39 In our in vivo study, the results with Ad5/3-D24 were similar to Ad5/3-D24-GMCSF as expected, since human GM-CSF is not active in mice. 24 To assess the possible immune mechanism triggered by the virus and the effects of low-dose CP on tumor vasculature and tumor immunological microenvironment, an immunocompetent animal model susceptible to human transgenes would be appealing. Syrian hamsters have been considered the "best available immunocompetent animal model" for the study of oncolytic adenoviruses, since these animals allow replication of human adenovirus and expression of replication-linked transgenes, such as human GM-CSF. 42, 43 Unfortunately, there are currently no specific reagents available that would allow the study of tumor vasculature and immunological cells in Syrian hamsters, 21 and thus, further work is required for development of hamster breast cancer model. In humans, previous studies have shown an increase in the total number of survivin-specific CD8
C T-lymphocytes in the blood of patients with advanced solid tumors treated with Ad5/3-D24-GMCSF, suggesting that the virus is able to stimulate a tumor-specific T-cell response. 20, 22 In 16 breast cancer patients treated in ATAP, Ad5/3-D24-GMCSF was well-tolerated overall. Three out of 14 imaged patients had tumor shrinkage or disease stabilization after Ad5/ 3-D24-GMCSF treatments. One patient, who showed a CR after a previous virus treatment, still remained in radiological CR when imaged after Ad5/3-D24-GMCSF treatment. Suggesting that also treatment with Ad5/3-D24-GMCSF contributed to the long progression-free survival seen in this patient, there was decrease in tumor marker Ca15-3. Interestingly, all the patients who seemed to benefit from virus treatment received low-dose CP as concomitant therapy. Two patients have been imaged with both CT and PET-CT on the same day. A previous study suggests that PET using [(18)F]-fluorodeoxyglucose (FDG-PET), which measures tissue metabolism based on quantification of glucose uptake, may be more sensitive than CT for detecting early possible treatment benefit. 27 CT alone would miss many patients possibly benefiting from therapy, since in the case of immunologically active treatments such as oncolytic virus therapy, initial increase in tumor diameter may indicate mounting of an inflammatory response to the treatment ("pseudoprogression") instead of progression. 44 Tumors may also remain stable for extended periods before eventual shrinkage. Thus, to avoid false interpretations as treatment failure, both CT and PET-CT responses were shown.
Many patients had post-treatment decreases in tumor markers measured from blood. Tumor markers can be sensitive indicators of tumor burden since they can be easily measured from blood, even at short intervals. However, they are considered to be less reliable than imaging in most tumor types but not all. 45, 46 Median survival was 233 d and one patient has a long ongoing survival of 1,771 d from her virus treatment, which is unusual for patients with chemotherapy-refractory ductal carcinoma of the breast.
The ATAP patient series included 4/16 TNBC patients. In RECIST analysis, these patients showed PD after treatment.
Interestingly one of these patients showed a reduction in the size of injected lesions, suggesting antitumor activity of the virus. However, there were two new metastases. Overall, clinical efficacy in TNBC patients was less dramatic than in the animal experiment, underlining the aggressive nature of this particular breast cancer subtype, and that preclinical studies are poorly predictive of human patient outcomes. Combination with chemotherapy or other immune therapies could be explored to increase efficacy. Also, treatment of earlier-stage patients could yield benefits. Major issues in individualized treatments such as ATAP, which are not a replacement for clinical trials, 47, 48 are heterogeneity of the treatment and patient populations. Clinical trials with this virus, also known as CGTG-102 and ONCOS-102, are currently ongoing, and could ultimately determine if the safety and efficacy obtained in preclinical experiments are retained in humans. 49 This work supports future clinical application of Ad5/3-D24-GMCSF in combination with metronomic low-dose CP, for the treatment of patients with currently incurable breast cancer, including TNBC. Given promising data obtained also in other indications, 18, 20, 22 Ad5/3-D24-GMCSF may have wide applicability in immunotherapy of cancer.
Materials and methods
Adenoviruses
Ad5/3-D24-GMCSF, Ad5/3-D24, and Ad5/3luc1 have been described previously. 20, 50, 51 Ad5wt is the wild-type Ad5 strain Ad300, obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Replication-deficient and replication-competent adenoviruses were purified on cesium chloride gradients according to standard protocols, after propagation on 293 or A549 cells respectively.
Cell lines
Human triple-negative breast adenocarcinoma cell line MDA-MB-436 (ATCC, Manassas, VA, USA) was cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heatinactivated fetal bovine serum (FBS, PAA, C€ olbe, Germany), 100 IU/mL penicillin and 100 mg/mL streptomycin (both Invitrogen). Cells were grown at humidified 37 C and 5% CO 2 .
Chemotherapeutic agents and preliminary tests CP (Sendoxan, Baxter) was purchased from the Helsinki and Uusimaa Hospital District Pharmacy (HUS apteekki, Helsinki, Finland) and diluted in 0.9% sodium chloride (NaCl) solution (B. Braun, Melsungen, Germany). Four-hydroperoxycyclophosphamide (4-HP-CP) was purchased from Niomech -IIT GmbH (Bielefeld, Germany) and diluted in sterile water. MDA-MB-436 cells were seeded in 96-well plates at 10, 000 cells/well in 100 mL of growth medium supplemented with 5 % FBS. After 24 h, cells were treated with serial dilutions of CP and 4-HP-CP. Cell viability was measured 4 d later. Experiments were performed in triplicates. Absorbance was measured at 490 nm using Multiskan Ascent and Ascent Software v2.6 (Thermo Labsystems, Helsinki, Finland).
Background absorbance was subtracted and viability of infected cells was calculated in relation to mock-infected cells, whose mean absorbance was defined as 100 % viability.
In vitro combination cytotoxicity assay
MDA-MB-436 TNBC cells were seeded in 96-well plates at 10,000 cells/well in 100 mL of DMEM supplemented with 5 % FBS and 1% penicillin/streptomycin. After 24 h, cells in triplicates were infected with tenfold dilutions (from 1,000 VP/cell to 1 VP/cell) of Ad5/3-D24-GMCSF alone or in combination with different doses of CP (0.0075, 0.05 mg/mL) or 4-HP-CP (0.001, 0.0025, 0.005 mg/mL) or with GM only as control. Infection was done in 100 mL of DMEM supplemented with 2% FBS, and 100 mL of DMEM supplemented with 10% FBS was added 24 h later. Five days post-infection, cell viability was measured using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI). Absorbance was measured at 490 nm using Multiskan Ascent and Ascent Software v2.6 (Thermo Labsystems, Helsinki, Finland). Background absorbance was subtracted and viability of infected cells was calculated in relation to mock-infected cells, whose mean absorbance was defined as 100 % viability.
Animal experiments
Female nude/NMRI mice (3-4 weeks old) were obtained from Harlan Laboratories (Indianapolis, IN, USA). The animals were quarantined for at least one week. MDA-MB-436 TNBC cells (5 £ 10 6 cells/tumor) were injected orthotopically into two upper most mammary fat pad sites. When tumors reached the size of approximately 5 mm diameter, mice were randomized into 9 groups (4 mice/group; 5 animals for mock groups), and viruses diluted in 0.9% NaCl solution (B. Braun, Melsungen, Germany) were injected intratumorally (i.t.) at 7 £ 10 9 VP/ tumor (2 tumors/mouse) on days 1, 4, 8, 15, 29, and 43. Concomitant low-dose CP (Sendoxan, Baxter, CP: 20 mg/kg 18, 20 ) was injected intraperitoneally (i.p.) the day after the first virus injection and every 3 d thereafter. NaCl 0.9% and low-dose CP as single agent were used as mock treatments. Tumor growth was followed by measuring the width and the length of the tumors and approximating the volumes (volume D 0.5 £ length £ (width) 2 ). The health status of the animals was followed daily during the experiment, and animals were euthanized according to local animal care rules and the humane endpoint guidelines. Interim analyses were performed at the time point when animals in all groups treated with virus alone were still alive (Day 33 after first virus treatment), and final analyses were performed when animals from the remaining mock C CP group had to be sacrificed (Day 60 after first virus treatment). Animal experiments were approved by the Experimental Animal Committee of the University of Helsinki and the Provincial Government of Southern Finland. (Table S1 ). Analysis of patient samples for this retrospective study has been approved by Helsinki University Central Hospital (HUCH) operative ethics committee (HUS 62/13/03/02/ 2013). Some data from these patients has been published previously, focusing on different aspect of the treatments. 22, 27 Here we report new information regarding clinical responses, viral genomes and neutralizing antibody titers in patient serum, focusing on breast cancer patients and Ad5/3-D24-GMCSF treatments.
Patient treatments
Patients received intratumoral (primary tumor and/or metastases), or a combination of intratumoral and intravenous injections of Ad5/3-D24-GMCSF as a single treatment or serial treatment consisting of three virus administrations within 10 weeks. In ATAP, the treatment was personalized for each patient according to the location and size of tumors. In absence of injectable lesions (patient R8), two-third of Ad5/3-D24-GMCSF dose was administered intraperitoneally and one-third was given intravenously. In the case of intrapleural or intraperitoneal disease, injections could be given correspondingly. Two patients had received other virus treatments prior to Ad5/3-D24-GMCSF (Ad5-D24-GMCSF, 29 ICOVIR-7, 30, 31 or Ad5-D24-RGD-GMCSF
32
). In the absence of contraindications, patients received concomitant low-dose CP either per oral (50 mg daily, starting one week prior to virus treatment), or by single intravenous bolus (1,000 mg), 17 or as combination of these. One patient also received verapamil as concomitant therapy, to increase virus replication. 33 These "virus sensitizers" are not expected to yield antitumor efficacy on their own; instead they were used to increase the effects of the virus. 17, 33 Patients were monitored for 24 h in the hospital and 4 weeks as outpatients. Adverse reactions were monitored for 28 d and recorded according to Common Terminology Criteria for Adverse Events (CTCAE) v3.0. Tumor size was assessed by contrast-enhanced CT (CT) scanning after a median of 4 weeks from the latest virus treatment, and maximum tumor diameters were calculated according to modified RECIST v1.1 criteria, 27, 28 including injected and uninjected lesions. In four cases, [18F]-fluorodeoxyglucose positron emission tomography with a low resolution CT scan (PET-CT) was used instead of contrast-enhanced CT for response evaluation. 27 In three patients, treatment response was evaluated with both CT and PET-CT. Response evaluation criteria are summarized in Supplementary Materials.
Neutralizing antibody titer and detection of viral genomes in patient serum
Neutralizing antibody titer measurements were done using Ad5/3luc1, as described previously 29 and in Supplementary Materials. DNA extraction and real-time PCR to determine viral titers from patient serum samples were performed using primers specific for adenovirus and GM-CSF sequences, as described previously.
Statistical analysis
Statistics were done with SPSS v18.0 (SPSS, Chicago, IL). Unpaired Student's t-test for independent samples was used to assess combination effect of CP and 4-HP-CP with virus in vitro. Mann-Whitney U test with Bonferroni correction was used to assess tumor volume for nude mice experiment. p-values of <0.05 were considered significant. Kaplan-Meier analysis was used to process survival data.
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